promising electrode candidate for SIBs. [2] Because Na + ions cannot be easily intercalated into the layers of graphite due to larger radius of Na + , resulting in a low capacity of 31 mAh g −1 , conventional graphite might not be suitable for SIBs. [3] However, various amorphous carbon materials including hollow nanostructured carbons, [4] carbon nanospheres, [5] carbon nanofibres, [6] carbon nanosheets, [7] porous carbons, [8] hard carbon, [9] graphene, [10] and heteroatom-doped carbon materials [11] are being investigated as anode for SIBs in full swing, benefiting from disordered nanodomains with randomly oriented graphene layers and voids between these domains, which can provide rich active sites for storing Na + . [9c,12] Unfortunately, lots of amorphous carbon-based anode materials are accompanied with low initial columbic efficiency and poor specific capacity at high current density. For the practical use of these materials in commercial SIBs, the above-mentioned issues must be addressed.
Introduction
The large-scale application of lithium-ion battery (LIB) which is one of the most common rechargeable batteries may be gradually hampered by the insufficient lithium resource in earth cluster. Since the physicochemical property of sodium with abundant and low-cost source is similar to that of lithium, sodium-ion battery (SIB) has been considered as a promising rechargeable battery which can supplement or replace LIB in some fields. [1] In view of the successful application of carbon material in LIBs, carbon material has been supposed to be a (CDs) directly from acetaldehyde solution and NaOH in large scale within short time, further improving the operability and availability of CDs. Under the guarantee of high-quality and high-yield CDs precursor, the 2D carbon nanosheets doped with phosphorus (P-CNSs) were constructed by calcining the mixture of CDs and NaH 2 PO 4 under Ar atmosphere. Moreover, the produced P-CNSs were successfully applied as anode material for SIBs, exhibiting remarkable electrochemical performances with excellent cycle stability and rate capability. Figure 1a ,b shows the transmission electron microscopy (TEM) images of the as-prepared monodisperse CDs with diameters of 3.0-5.0 nm. Figure 1c ,d displays the photos of brown CDs powders and solutions. Interestingly, CDs can be well dispersed in organic solvents, including ethanol, acetone, benzyl alcohol (BA), tetrahydrofuran, dimethyl formamide, 1-methyl-2-pyrrolidinone, dimethyl sulfoxide, and propylene carbonate (PC). Moreover, these solutions are uniform, transparent, and stable, which may facilitate the application of CDs in more fields. X-ray photoelectron spectroscopy (XPS, Figure 2a ,b) and Fourier transform infrared spectrum (FTIR, Figure 2c ) reveal that the CDs contain rich oxygenous functional groups, such as CO and COH, which might be in favor of its surface functionalization. [16] The X-ray diffraction (XRD) pattern ( Figure 2d ) with a broad peak centered at about 20° suggests the highly amorphous structure of obtained CDs. The absorption peaks at ≈310 nm in the UV-vis absorption spectrum (Figure 2e ) is related with the n-π* electronic transition occurred on the surface of CDs, resulting from the CO bond. [17] The fluorescence emission spectra (Figure 2e ) of CDs collected at various excitation wavelengths indicate that the CDs have a typical excitation-dependent photoluminescence (PL) behavior, in good accordance with the reported CDs. [16] [17] [18] Note that the aldol reaction would occur when aldehydes or ketones with α-H are placed under alkaline conditions. The acetaldehyde can be converted into unsaturated aldehydes, and then numerous oligomers are formed coming from the polymerization reaction of these unsaturated aldehydes. With such strong alkaline condition, some side reactions, including dehydration and dehydrogenation, would be conducted, leading to the formation of extended carbon chains, which may further curl and intertwine, resulting in the formation of carbon dots. The XPS and FTIR spectra (Figure 2a-c) have confirmed that the CDs are comprised of carbon and rich oxygen-containing functional group, and the mass spectrometry result (Figure 2f ) further shows that the CDs are composed of oligomers with different molecular weights.
Results and Discussion
The resultant CDs can be utilized to design and construct 2D phosphorus-doped carbon materials through thermal treatment assisted by NaH 2 PO 4 . Figure 3a ,b shows the TEM images of the attained sample, it can be seen that the attained sample is consisted of ultrathin sheets with large area, which is quite similar to the reported graphene. Figure 3c presents the high-resolution TEM (HRTEM) image, the expanded carbon lattice with an average distance of ≈0.42 nm can be clearly observed, and the enlarged interlayer distance might be more beneficial to the insertion of Na + ions. [4a,11b] And the atomic force microscope (AFM) is employed to measure the thickness of this sheet, the results are displayed in Figure 3d , indicating that the thickness is 2.152 nm. Scanning electronic microscopy (SEM) images (Figure 3e ,f) further show the visual morphology of P-CNSs under a wide range, the well-defined ultrathin films with a size of several micrometres is displayed. Figure 3g XPS is utilized to analyze the detailed chemical composition and the bonding configuration of phosphorus atoms in the P-CNSs. The XPS results show that the P-CNSs are mainly composed of C (90.92%), O (7.69%), and P (1.39%) (Figure 4a and Table 1 ). In the C1s spectrum (Figure 4b) , the peaks at binding energies of 284.7, 286.1, and 288.2 eV are ascribed to CC, CO, and CO, respectively. [17] The peak located at 283.6 eV should be assigned to PC, indicating that P atoms are indeed inserted into the carbon lattice. [19] The high-resolution P2p spectrum ( Figure 4c ) of P-CNSs is also collected to get more insight into phosphorus doping; the peaks centered at 129.9 and 131.4 eV can be related to the P-C bonding, [20] which powerfully demonstrates that P atoms are successfully incorporated into the carbon structure during the thermal annealing process. The peaks at 132.7 and 134.8 eV can be attributed to POC and PO (phosphate). [13b,20] Two broad peaks at ≈23° and ≈44° appear in the XRD pattern (Figure 4d ), corresponding to the (002) and (100) diffraction of disordered carbonaceous structure. [4a,11a] The further structural analysis of P-CNSs is conducted through Raman spectroscopy (Figure 4e ), two distinct peaks centered at ≈1345 and ≈1594 cm −1 are considered as the D band (a series of structural defects) and G band (graphitic structures). [10b,11b] The nitrogen adsorption-desorption technology (Figure 4f ) is carried out to investigate the specific Brunauer-Emmett-Teller (BET) surface area and pore size of P-CNSs, revealing a high specific surface area (SSA) of 549.844 m 2 g −1 and small pore diameter of ≈1.2 nm for P-CNSs, which can bring better electrolyte wetability and provide more active sites for sodium storage, thus facilitating Na + diffusion.
To gain insightful cognition of the chemical science hidden in the process from 0D CDs to 2D nanosheets, a series of conditional experiments on calcining temperature and mass ratio of CDs to NaH 2 PO 4 are carried out. It was found that the temperature of thermal treatment is a key to determine the morphology and structure of carbon materials. Unexceptionally, in the CDs system, from the SEM and TEM images (Figure 5 ), the change is observed with the increase of carbonizing temperature. At lower temperature of 400 °C, carbon chunk with highly amorphous texture is obtained ( Figure 5B ). At 600 °C, although the morphology is not very uniform, the rudiment of 2D carbon has been formed. Notably, from 400 to 600 °C, the highly amorphous structure does not change much ( Figure 5C ). When the calcining temperature reaches 800 °C, a thin sheet with large area can be clearly seen, and a few graphitized areas begin to appear ( Figure 5D ). When the temperature is further increased to 900 °C, an ultrathin sheet with larger area can be prepared with a thickness of 2 nm and some obvious lattice fingers are presented on the HRTEM image ( Figure 5E ). XRD patterns ( Figure S1 , Supporting Information) further demonstrate the change of crystal texture from 400 to 900 °C. In addition, the calcining temperature is also significant for the phosphorus content in as-prepared P-doped carbon nanosheets. XPS analyses ( Figure S2 , Supporting Information, and Table 1) show that P content is gradually increased from 0.52% to 1.39% with increasing temperature from 400 to 900 °C, which may be that high temperature is more beneficial to the decomposition of phosphate and the formation of PC and POC bonds. The CH 3 −/CH 2 − was detected in the C-400 apart from -OH, CO, and CO, originating from the lack of sufficient energy for carbonization. Upon 600 °C, no obvious difference of functional groups is found ( Figure S3 , Supporting Information). The N 2 absorption-desorption measurements ( Figure S4 , Supporting Information, and Table 1 ) reveal an increase in SSA with increasing temperature from 400 to 800 °C, especially between 800 and 900 °C.
It has been demonstrated that calcining temperature was crucial for regulating the assembly and transformation processes during the formation of nanosheets. Besides, it can be noticed as well that the mass ratio of CDs to NaH 2 PO 4 has an influence on the morphology, structure and composition of the calcined products. Details about the evolution process are also investigated. Figure 6 presents SEM and TEM images of the calcined products with various mass ratios from 1:0 to 1:10. Note that the added NaH 2 PO 4 was essential for the formation of the nanosheets, controlling, and morphological evolution. Without NaH 2 PO 4 , the self-assembling process to nanosheets was unavailable, only carbon chunk was produced. With increasing the ratio to 1:2, the sheet-like morphology was observed, and the thickness of sheets is decreased with the increase of ratio, which is further confirmed by AFM ( Figure S5 , Supporting Information). HRTEM images (Figure 6 ) show that some graphitized domains randomly distributed in disordered carbon appear in all the samples, which are also confirmed by XRD ( Figure S6 , Supporting Information). According to XPS analysis ( Figure S7 , Supporting Information, and Table 2), we can conclude that P content is gradually increased from 0.72% to 1.39% with increasing ratio from 1:2 to 1:10. The Raman spectra ( Figure S8 , Supporting Information) reveal that the D band gradually enhances with the increase of ratio, as a result of the introduced defects, further demonstrating the successful P doping. Since the content of doped P is very low, no obvious difference in the functional groups is noticed under different calcining temperatures from FTIR spectra ( Figure S9 , Supporting Information). The ratio has a significant influence on the BET SSA as well ( Figure S10 , Supporting Information, and Table 2 ). From 1:8 to 1:10, the SSA largely rises, which may be attributed to the decreased thickness ( Figure S5 , Supporting Information) and pore size.
To further understand the chemical process from CDs to P-CNSs, a possible conversion mechanism are proposed. It has been demonstrated that Na-containing compound is an effective catalyst to promote the reaction potential and weaken the C−O bond to improve the reaction rate and accelerate carbon conversion. [21] Under high temperature and sodium catalysis, the CDs comprised of rich oxygenic functional groups were rapidly decomposed to produce abundant carbon atoms, which can then grow into carbon nanosheets by self-assemble. [17] The gas deriving from the rapid pyrolysis of CDs can induce instantaneous internal high pressure, which can prevent the restack of nanosheets, giving rise to the formation of ultrathin sheets. [17, 21] During this process, some phosphorus atoms were simultaneously introduced into carbon nanosheets by forming PC or POC. [13b] Since phosphorus has a larger covalent radius of 111 pm than that of C (75 pm), S (103 pm), N (71 pm), and O (63 pm), [22] the introduction of phosphorus into carbon material is also a quite effective approach to enlarge its interlayer distance, [11b] which is helpful to the Na + insertion. The enlarged interlayer distance of ≈0.42 nm has been confirmed by HRTEM (Figure 3c ).
The P-CNSs are utilized as electrode for half-cells to investigate its electrochemical Na storage behaviors. Figure 7a present cyclic voltammograms (CVs) of the first four cycles. The broad cathodic peak from 0.1 to 1.0 V, appearing in the first cycle, should be related to the formation of the solid electrolyte interface (SEI) film and the reaction between the Na + and surface functional groups. [7b,11a,23] The bumps at ≈0.6 V during the cathodic process from second to fourth cycle should be ascribed to the reversible sodiation process in the surface functional groups. [17] The cathodic peaks situated around 0.01 V is stemming from Na + insertion into carbonaceous materials. [4,7a,17] Broad anodic peaks from 0.1 to 0.6 V in all the four cycles tells desodiation process taken place in a wide potential range. The galvanostatic charge-discharge curves at a current density of 0.1 A g −1 are displayed in Figure 7b which corresponds to a Coulombic efficiency of 46.7%. The irreversible capacity is mainly due to the formation of SEI film, the irreversible reaction between Na and surface functional groups and other side reactions. [17] Nevertheless, the good news is that the Coulombic efficiency can rapidly approach 100% after several charge-discharge cycles. From the second cycle, the charge-discharge curves almost coincide with each other, implying the good cycling stability.
The long-term cycling performance is a key indicator for batteries, a series of cycling tests are performed to evaluate the cyclability of P-CNSs. When cycled at a low current density of 0.1 A g −1 , the P-CNSs electrode exhibits a high capacity 321.2 mAh g −1 after 100 cycles (Figure 7c ). At a current density of 0.5 A g −1 (Figure 7d) , the P-CNSs deliver initial discharge and charge capacities of 462.3 and 197.2 mAh g −1 , corresponding to a Coulombic efficiency of 42.65%. The capacity increases gradually upon cycling, originating from the activating process the porous marterials, [24] a charge capacity can reach 237.5 mAh g −1 after 500 cycles. At 1 A g −1 (Figure 7e ), the initial discharge and charge capacities are 333.3 and 146.4 mAh g −1 , respectively, and the Coulombic efficiency is 43.92%. Similar to cycling at 0.5 A g −1 , the capacity is rising with cycling, and the charge capacity can increase to 196.9 mAh g −1 after 1000 cycles. At 2.5 and 5 A g −1 ( Figure S11 , Supporting Information), the capacity is also increasing with cycling. At 2.5 A g −1 , the charge capacity increases from 103.3 (1st cycle) to 159.9 mAh g −1 (2500th cycle). And at 5 A g −1 , the charge capacity increases from 43.3 (1st cycle) to 108.8 mAh g −1 (5000th cycle). Nevertheless, after precycling at low current density of 0.1 A g −1 for five cycles, increasing the current density to 5 A g −1 , a high capacity of 149 mAh g −1 can be achieved after 5000 cycles (Figure 7g ), benefiting from the activated process at low current density in the first several cycles. [17, 24] Figure 7f shows the rate performance of P-CNSs electrode, the average specific capacities are 328, 269, 235, 208, 169, 143, 117, and 108 mAh g −1 at current densities of 0.1, 0.2, 0.5, 1, 2.5, 5, 10, and 20 A g −1 , respectively. A high capacity of 320 mAh g −1 can be restored when the current density recovers to 0.1 A g −1 , indicating a superb rate capability. As far as we know, rare carbon-based materials have comparably accomplished durable high capabilities at such a high current density. The comparison between the P-CNSs and the reported carbon anode for SIBs is displayed in Table S1 (Supporting Information), indicating the impressive sodium storage properties of P-CNSs.
The electrochemical impedance spectra (EIS) at different cycles are employed to further explore the electrochemical sodium storage behaviors of P-CNSs. Figure 8 displays the Nyquist plots, all of them are comprised of semicircles in the medium-high frequency region and sloping straight lines in the low-frequency range, which are ascribed to the chargetransfer resistance and solid-state diffusion of sodium in the electrode material, respectively. Obviously, with the increase of cycle numbers the diameters of the semicircles at medium-high frequency region decrease, suggesting reduced charge-transfer resistances. This may result from the special structure of P-CNSs with high surface area and structural defects, causing large irreversible sodium insertion into the P-CNSs during early cycles, which can enhance the electrical conductivity of the P-CNSs. [25] And in the subsequent cycles, the improved electrical conductivity may be attributed to the activated process of carbon-based materials. [24] The cycling performances of the products calcined with different mass ratios were also investigated, suggesting the samples prepared at various ratios also deliver good electrochemical performances. At current density of 0.1 A g −1 (Figure 9a) , in the first cycle, the C-8 exhibits considerable discharge and charge capacities of 268.1 and 466.6 mAh g −1 , corresponding to an improved Coulombic efficiency of 57.46%, due to its low SSA. After 100 cycles, the charge capacity is 246.4 mAh g −1 . Increasing the current density to 0.5 A g −1 (Figure 9b) , the initial discharge and charge capacities are 136.3 and 281.9 mAh g −1 , and the charge capacity increases to 154.2 mAh g −1 after 500 cycles. The C-4 delivers an initial charge capacity of 210.8 mAh g −1 with a Coulombic efficiency of 55.19% at a current density of 0.1 A g −1 , and 211.4 mAh g −1 is maintained in 100 th cycle (Figure 9a ). At 0.5 A g −1 (Figure 9b ), the first charge capacity of C-4 is 106.6 mAh g −1 , and it gradually increases to 132 mAh g −1 after 500 cycles.
From the above, it is proposed that the capacities rise with the increase of ratios, resulting from the decreased thickness and increased SSA, which can provide more sodium storage active sites. [7b,9c,14b,c] Nonetheless, the large SSA inevitably causes large irreversible reaction, giving rise to low initial Coulombic efficiency. Additionally, the P atoms covalently bonded to the carbon are electrochemically active and can be active sites for sodium storage, resulting in high reversible capacity. [11a] The electronic state of nanosheets was changed by the heteroatoms doping, facilitating the adsorption of electrolyte ions. [13b] At high current densities, the capacities of all samples increase with cycling, the increase in capacity may benefit from the activating process of the porous anode. [24] And it is noteworthy that the Coulombic efficiency can dramatically increase to over 99% after several cycles at various current densities or all samples.
Since the morphology, structure, and composition determine the properties, the ultrathin sheets with large area, expanded graphite layer and P-doping worked together to create the outstanding electrochemical sodium storage performances. The ultrathin nanosheets with large surface area can provide more active sites and shorten the Na + diffusion length. The enlarged interlayer space is beneficial to the Na + insertion and extraction. The P atoms bonded to the carbon are electrochemically active and can offer active sites for sodium sotrage. The electronic state of nanosheets was also changed by the heteroatoms doping, facilitating the adsorption of electrolyte ions. [11,14b,16] 
Conclusion
In summary, carbon dots were transformed into large-area phosphorus-doped carbon nanosheets with enlarged interlayer 
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Adv. Sci. 2017, 4, 1600243 www.advancedsciencenews.com distance through thermal treatment assisted by NaH 2 PO 4 for the first time. The detailed conversion process from carbon dots to carbon nanosheets doped with phosphorus was first explored. When applied as anode material for SIBs, the attained P-CNSs showed remarkable electrochemical performances with high specific capacity, excellent cycling stability and ultrafast rate capability. This work proposed a novel method to fabricate phosphorus-doped carbon nanosheets, facilitating the development of SIBs anode materials. The present work makes a significant contribution to not only the synthetic methodology of carbon materials but also the application of carbon materials as anode for SIBs.
Experimental Section
Preparation of CDs and P-CNSs: 8 g sodium hydroxide (NaOH, Sinopharm Chemical Reagent Beijing Co., Ltd.) was mixed with 40 mL acetaldehyde solution (40% in H 2 O, Sinopharm Chemical Reagent Beijing Co., Ltd.) under vigorous magnetic stirring for 1 h, and then the mixture was placed at ambient air, temperature, and pressure. After 72 h, a certain amount of dilute HCl solution (1 m, Sinopharm Chemical Reagent Beijing Co., Ltd.) was added to adjust the pH to be neutral. Then the as-prepared product was separated by centrifugation and washed with deionized water for several times, and then the final product was evaporated at 100 °C for 12 h to get CDs powder.
0.4 g of the as-prepared CDs was fully mixed with 4 g NaH 2 PO 4 (Sinopharm Chemical Reagent Beijing Co., Ltd.) through grind, and then the mixture was rapidly heated to 900 °C with a heating rate of 10 °C min −1 and calcined for 2 h. Ar atmosphere was constantly maintained through all thermal treating process. After the temperature was decreased to the room temperature, the calcined products were washed with deionized water and alcohol (Shanghai Titan Scientific Co., Ltd.) for several times and separated by vacuum suction filtration followed by drying at 100 °C for 12 h. Additionally, a series of conditional experiments were conducted to investigate the influence of calcining temperature and mass ratio of CDs to NaH 2 PO 4 on morphology, structure, and composition. The detailed experimental parameters are displayed in Tables 3 and 4. Materials Characterization: Transmission electron microscope (JEM-2100F), SEM (FEI Quanta 200), AFM (Dimension V, Veeco), XPS (K-Alpha 1063), XRD (Rigaku D/max 2550 VB+ 18kW, Cu Kα radiation), Fourier transform infrared spectrophotometer (FTIR, AVTA-TAR, 370), UV-vis spectrophotometer (UV-1801), Raman spectroscopy (RENISHAW invia, wire 4.2), and mass spectrometer (MS) equipped with time of flight (TOF) (EI + ) were employed to characterize the morphology, microstructure, and composition of the prepared samples. PL spectra were detected by a fluorescence spectrophotometer (F-4500). The BET specific surface area and pore size distribution were acquired from the nitrogen adsorption/desorption technology.
Electrochemical Test: In order to investigate the electrochemical sodium storage behaviors, as-prepared samples served as electrodes in half-cells which were assembled in a glove box filled with Ar. The target materials powder were throughly mixed with conductive super P and carboxymethyl cellulose (Alfa Aesar) binder (70:15:15 in weight) in deionized water, then painting the obtained slurry on a copper foil. After the preliminary evaporation of water, the foil coated with active materials was dried at 100 °C under vacuum for 12 h. Metallic sodium (SigmaAldrich) was utilized as the counter electrode, and Celgard 2400 was used as the separator. The solution of 1 m NaClO 4 (Alfa Aesar) in PC (Sigma-Aldrich) with 5% fluoroethylene carbonate (Alfa Aesar) additive was employed as electrolyte. Solartron Analytical was employed to collect cyclic voltammograms (0.01-3 V, vs Na/Na + , 0.1 mV s −1
) and EIS (100 kHz to 0.01 Hz). Arbin battery cycler (BT2000) was used to test charge-discharge performances at suitable current densities at room temperature.
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